The biodegradation of hydroxybenzoate isomers was investigated with samples obtained from two sites within a shallow anoxic aquifer. The metabolic fates of the substrates were compared in denitrifying, sulfate-reducing, and methanogenic incubations. Under the latter two conditions, phenol was detected as a major intermediate of p-hydroxybenzoate, but no metabolites were initially found with m-or o-hydroxybenzoate. However, benzoate accumulation was noted when metabolic inhibitors were used with these samples. About 9 to 17 days was required for >95% removal of the parent isomers under these conditions. When aquifer slurries were amended with nitrate, the equivalent removal of the hydroxybenzoates occurred within 4 days. In the denitrifying incubations, phenol was formed from all three hydroxybenzoates and accounted for about 30% of the initial substrate amendment. No benzoate was measured in these samples. All metabolites were identified by chromatographic mobility, mass spectral profiles, or both. Autoclaved controls were uniformly incapable of transforming the parent substrates. These results suggest that the anaerobic fate of hydroxybenzoate isomers depends on the relative substitution pattern and the prevailing ecological conditions. Furthermore, since these compounds are central metabolites formed during the breakdown of many aromatic chemicals, our findings may help provide guidelines for the reliable extrapolation of metabolic fate information from diverse anaerobic environments.
The aromatic nucleus represents the second most common organic residue in the biosphere (10) , and substances possessing this structural feature include both naturally occurring and anthropogenic materials. Concern over the recalcitrance, toxicity, and environmental fate of the latter group of molecules has been great in recent years, particularly as these chemicals impact subterranean environments. This concern appears justified, since aromatic compounds make up about a third of the 200 billion lb (ca. 91 billion kg) of the top 50 chemicals manufactured annually in the United States (1) . In addition, about 3 billion tons (ca. 2.7 x 1012 kg) of naturally occurring lignaceous materials is used annually in the wood and paper industries in this country alone (16) . Considering the quantities involved, it is not surprising that aromatic materials enter groundwater reserves after accidental or intentional release to the environment (4, 22, 23) . Despite their importance, little is known of the environmental fate of these materials once they reside in anaerobic environments. This information gap is particularly acute when an unseen and unfamiliar environment such as a groundwater aquifer is considered.
It is our contention that an understanding of the metabolic fate of xenobiotic substances must be rooted in firm information on the fate of naturally occurring materials. Under anaerobic conditions, microbial activities tend to attack complex aromatic structures at substituent groups and convert the parent substrates to hydroxylated, carboxylated, or amino derivatives. The latter three functional groups and halogens are the only substituents which seem to be directly removed from the aromatic nucleus when anoxia prevails.
Often, such substituent removal reactions serve to convert the parent substrates to benzoate or phenol before ring saturation and cleavage. Not surprisingly then, the hydroxybenzoate (OHBZ) isomers are found as intermediates in the anaerobic catabolic pathway of xenobiotic materials such as cresol and toluene (7, 20, 24, 32) and naturally occurring substances such as tyrosine (3, 7, 11, 33) . Furthermore, several hydroxylated and carboxylated aromatic compounds have been used as model compounds in studies of lignin metabolism (36) . The kinetics and fate of OHBZ decomposition in anoxic aquifer systems are virtually unknown, yet the metabolism of these isomers undoubtedly plays an important role in the mineralization of many aromatic substrates.
Tschech and Schink (31) suggested that the relative positions of the aryl substituents determined the catabolic route of OHBZs and proposed a different pathway for each isomer (Fig. 1) . We sought to test this hypothesis with aquifer slurries incubated with OHBZs under a variety of anaerobic conditions. We studied the biodegradation kinetics and metabolic fate of the OHBZ isomers in samples from two sites within the same aquifer. Sulfate-reducing conditions predominated at one aquifer site, whereas the other was methanogenic (5) . These findings were compared with those concerning the fate of the same compounds in the aquifer slurries amended with nitrate as a terminal electron acceptor to stimulate denitrification. Our studies demonstrate that the availability an electron acceptor may govern the initial anaerobic biotransformation mechanism and that this reaction is specific for the substitution pattern of the OHBZ isomers.
MATERIALS AND METHODS
Sampling and incubation of aquifer slurries. Aquifer material and groundwater from two well-characterized sites adjacent to the Norman municipal landfill were sampled in early summer as previously described (5 (80/20) , and reducing conditions were controlled by the addition of 1 mM Na2S. Filter-sterilized resazurin (0.0002%) was added as a redox indicator. The bottles were sealed with butyl rubber stoppers and crimped with aluminum seals. The bottles were incubated for 3 days before the addition of the OHBZ isomers. During this time, the sulfate concentration fell below detection limits (0.1 mM) in methanogenic aquifer slurries. Anaerobic and filter-sterilized (0.2 puM) stock solutions of OHBZ isomers (60 mM) were prepared in distilled water, and the pH was adjusted to 7.0. The OHBZ isomers were aseptically added to aquifer slurries to reach an initial concentration of about 0.5 mM. All experiments were conducted in triplicate, and two autoclaved aquifer slurries (121°C, 180 min) served as controls. The biodegradation of each substrate was individually tested. The bottles were incubated in the dark at room temperature. Samples of 1 ml were removed immediately after the addition of the substrates and periodically thereafter during the experiment. The samples were acidified (1 drop of concentrated HCI) and frozen until analyzed. Stock solutions of 2-bromoethanesulfonic acid (BESA) and Na2MoO4 were filter sterilized and placed under a nitrogen atmosphere before they were added to the aquifer slurries to reach an initial concentration of 5 mM.
For denitrifying cultures, the aquifer sediments and the groundwater from both sites were flushed under a stream of argon gas for 2 h, after which sediment and site water were transferred into argon-gassed serum bottles (160 ml) and sealed. Replicate bottles received 10 mM nitrate and 0.5 mM of each OHBZ isomer. Anaerobicity was confirmed by gas chromatographic (GC) analysis of headspace in each bottle (model 1200 gas partitioner; Fisher Scientific Co., Pittsburgh, Pa.). N2 gas production was quantitated by sampling 0.25 ml of headspace periodically for GC analysis. Gas volume was measured by displacement of a wetted glass syringe. All bottles were incubated at 30°C.
Substrate and metabolite analysis. Portions of the aquifer slurries were collected by syringe and centrifuged (3 min, 8 ,000 x g) before reversed-phase high-pressure liquid chromatography (HPLC) analysis with a C18 column (250 by 4.6 [inner diameter] mm; Econosphere; 5 ,um; Alltech Associates, Inc., Berkeley, Calif.). The hardware used for this analysis has been previously described (13, 24) . A mixture of acetonitrile and acetate buffer (50 mM, pH 4.5) was pumped as a mobile phase at a ratio of 4/11 at a flow rate of 1.5 ml/min. Compound detection was by UV absorbance with a variable-wavelength spectrophotometer (model 165; Beckman Instruments, Inc., Fullerton, Calif.). One channel of the instrument monitored the OHBZ isomers (ortho at 300 nm, meta at 300 nm, and para at 285 nm), whereas the other was used for detection of benzoate and phenol (275 nm Acidified samples from aquifer slurries (1 ml) were extracted with 1 ml of diethyl ether, and the organic phase was dried over Na2SO4 and transferred to a 2-ml glass vial. The extracts were concentrated under nitrogen gas to a final volume of about 50 to 100 ,ul and analyzed with a gas chromatograph (model 5890; Hewlett-Packard Co., Palo Alto, Calif.) equipped with a mass selective detector (model 5970) and a DB-5 fused silica capillary column (film thickness, 1 ,um; inner diameter, 0.32 mm; length, 60 m). The GC-MS was operated with the computer system 59970 MS ChemStation (Hewlett-Packard). Approximately 3 [lI of the ether extracts was injected (splitless mode, 30 s) at a temperature of 250°C and a column temperature of 40°C. The column temperature was increased at a rate of 5°C/min to 250°C and held for 10 min. Helium served as the carrier gas at a flow rate of 60 ml/min (0.8 bar) and a split of 1:60. The interface column temperature was adjusted to 150°C. The electron impact detector was operated at 70 eV, and the scanning rate was about 3/s. The metabolites were identified by comparison of their retention times (benzoic acid, 24 .88 min; phenol, 18 .52 min) and mass spectral profiles with authentic standards or with the National Bureau of Standards spectral library. The latter was supplied as a data base (revision 1.0, 1986 ) with the GC-MS computer system.
Methane and sulfate analysis. The concentration of methane was determined by flame ionization GC as previously VOL. 55, 1989 on May 19, 2017 by guest http://aem.asm.org/ Downloaded from described (26) or with a model 3300 gas chromatograph (Varian, Palo Alto, Calif.), using a stainless-steel column (1.8 m by 0.32 cm) packed with 80/100-mesh Poropack Q.
Nitrogen was used as a carrier gas at a flow of 30 ml/min. The temperatures of injector, column, and detector were 100, 105, and 120°C, respectively. External standards were used and kept in stoppered glass serum bottles. Concentrations of methane in the headspace of methanogenic incubations were typically on the order of a few percent.
Assuming that 0.5 mM OHBZ is metabolized according to Buswell's equation (27) , we estimate that 1.75 mM methane (or 0.105 mmol) is possible in the 60-ml liquid phase of an incubation bottle (10 ml of pore water and 50 ml of added groundwater). If we then account for the distribution of methane between the gas and liquid phases (Henry coefficient = 27.2 [25] ) and the volumes of headspace and liquid (84 ml/60 ml), we calculate that 97.4% of the methane (0.102 mmol, or 1.21 mM) would exist in the gas phase. Thus, from 0.5 mMOHBZ, 1.21 mM (2.71%) headspace methane should result. Small pressure changes were unaccounted for. To minimize the removal of carbon from the incubation systems, liquid samples for OHBZ analysis were taken from slurries only at the start and at the end of the experiment.
The aqueous phases of the aquifer slurries were sampled for sulfate analysis, centrifuged at 8,000 x g for 3 min, and
analyzed by anion-exchange HPLC. The mobile phase (4.0 mM potassium hydrogen phthalate, pH 5.0) was pumped at 2.5 ml/min with an LDC/Milton Roy minipump (model 396) through an anion-exchange column (Vydac, 250 by 4.6 mm; Alltech Associates, Inc., Deerfield, Ill.). Sulfate exhibited a retention time of 6.3 min and was detected with a conductivity detector (model 213-505; Wescan, Santa Clara, Calif.). The detection limit was at least 0.1 mM.
RESULTS
Transformations under sulfate-reducing and methanogenic conditions. Incubation of the three OHBZ isomers in sulfatereducing and methanogenic aquifer slurries resulted in rapid substrate loss after an initial lag time of 5 to 7 days. The lag period of all OHBZ isomers was slightly shorter in sulfatereducing than in methanogenic incubations. After the lag phase, the OHBZ isomers were catabolized at increased rates. Pseudo-first-order rate constants (k1) were calculated during this phase of OHBZ degradation. All k1 values were similar and in the range of 1.5 to 2.2 days-' except those for the rate of p-OHBZ loss from methanogenic incubations, which exceeded this range by about a factor of 2. From these data, we estimate half-lives for o-, m-, and p-OHBZ of 0.39, 0.37, and 0.46 days under sulfate-reducing conditions and 0.33, 0.48, and 0.20 days under methanogenic conditions. No loss of substrate was observed in sterile aquifer slurries, which indicated that the observed transformations were microbiologically catalyzed. Figure 2 illustrates the time course and predominant fate of p-OHBZ under these two ecological conditions. The time courses of the other two isomers were similar. The disappearance of p-OHBZ under methanogenic conditions was accompanied by the accumulation of stoichiometric amounts of phenol ( Fig. 2A) . Thus, no phenol was transformed during the initial phase of incubation. However, on day 14 (10 days after the appearance of the first detectable phenol), 25% of the accumulated phenol was degraded; after an additional 2 weeks of incubation, phenol was completely depleted. The maximum first-order rate of phenol formation was about five times higher (1.07 days-') than the first-order rate of phenol (Fig. 2B) . However, subsequent substrate amendments resulted in the accumulation of phenol up to 86% of the amount stoichiometrically expected (data not shown). This finding suggests that the transformation rate of phenol decreased with repeated substrate additions, possibly as a result of the toxicity of phenol. Under either incubation condition, benzoate could not be detected by HPLC. Therefore, aryl decarboxylation is presumably the major route of p-OHBZ metabolism under both sulfate-reducing and methanogenic conditions.
Analogous experiments with m-and o-OHBZ did not result in the accumulation of metabolic intermediates. Autoclaved controls under all conditions were uniformly incapable of transforming the OHBZ isomers.
To obtain more insight into the initial transformations of the OHBZ isomers, inhibitor studies were conducted. All samples were reamended with parent substrate (t = 0 in Fig.  3 ) 5 weeks after the first OHBZ addition and again 5 days later. On day 5, two of the triplicates held under methanogenic conditions were amended with the inhibitor BESA (5 mM), whereas MoO42-(5 mM) was used for sulfate-reducing incubations. Traces of benzoate (2 to 10 ,uM) accumulated after the second substrate amendment even in the absence of an inhibitor (days 0 to 5 in Fig. 3A , B, and D) except in the methanogenic aquifer slurries, where benzoate was <2 ,uM (Fig. 3C ). In the presence of an inhibitor, the transformation of m-OHBZ resulted in the transient accu- mulation of 20 to 30 ,uM benzoate under both sulfatereducing and methanogenic conditions. After the complete depletion of m-OHBZ, benzoate was also rapidly eliminated from both incubations. In general, the initial transformation rate of OHBZs was not influenced by the presence of BESA and MoO4>. Uninhibited samples exhibited about the same substrate depletion kinetics (data not shown). However, the biotransformation of o-OHBZ under methanogenic conditions was much slower in the presence of BESA, and the accumulated benzoate (43 FM) persisted much longer in the inhibited aquifer slurries. Under sulfate-reducing conditions, the addition of MoO42-did not result in the increased accumulation of benzoate compared with that of the inhibitor-free control. In the sterile controls amended with inhibitors, no loss of the three OHBZ isomers was observed and no accumulation of other compounds could be detected. (Table 1) . Analysis by GC-MS confirmed the identity of benzoate in all of these incubations. Interestingly, traces of benzoate were also found when p-OHBZ was incubated under both sulfate-reducing and methanogenic conditions. A peak with the same retention time (24.9 min) as that of a benzoate standard was detected in these incubations, and the mass spectral characteristics of this peak were identical to those of a benzoate standard and a library spectrum. This is the first report which suggests benzoate as an intermediate on the anaerobic biodegradation pathway of o-OHBZ. Therefore, the mass spectrum of this metabolite is shown in Fig. 4 . Major mass fragments were detected at mlz 122 (mass peak of benzoic acid), 105 (-OH), 94 (-CO), 77 (-COOH), and 51 (C4H3). The match quality of the metabolite spectrum with a standard spectrum was 94.8%.
Before the reamendment of the OHBZ isomers (t = 0; Fig.  3 ), neither benzoate nor phenol could be found by GC-MS under either redox condition. The same result was noted when unamended nonsterile controls were similarly analyzed. These observations suggest that phenol and benzoate are metabolites of OHBZ and not merely released from the anaerobic decomposition of endogenous organic material. These data also suggest that although all OHBZ can be dehydroxylated under anaerobic conditions, the conversion to benzoate represents a major metabolic route for o-OHBZ and m-OHBZ. The lack of substantial benzoate accumulation from p-OHBZ in the presence of inhibitors and the nearly stoichiometric conversion of the parent substrate to phenol suggests that decarboxylation rather than dehydroxylation is the major anaerobic pathway for this substrate.
Mineralization of OHBZ coupled with sulfate reduction or methanogenesis. Separate triplicate aquifer slurries were amended with 0.5 mM OHBZ and incubated for 4 months under sulfate-reducing or methanogenic conditions to determine the ultimate fate of the parent substrates. These slurries were monitored for sulfate depletion (sulfate-reducing incubations) or methane formation (methanogenic incubations) and corrected for substrate-unamended triplicate controls in order to estimate the degree of OHBZ mineralization on the basis of the stoichiometry given below. Under sulfate-reducing conditions, the following equation was assumed for the complete oxidation of OHBZ: C7H603 + 4H20 + 3.5So42 -> 7HCO3-+ 3.5H2S (1) whereas Buswell's equation (27) 1 mM) , the involvement of sulfate as an electron sink in these bioconversions was excluded.
Transformation under denitrifying conditions. Samples of aquifer solids and groundwater from the sulfate-reducing and methanogenic sites were amended with 10 mM N03-and 0.5 mM OHBZ and incubated under an argon atmosphere. These experiments were monitored for OHBZ depletion and nitrogen formation. In samples from both sites, all three OHBZ isomers were >99% biotransformed within 4 days (Fig. 5) . A lag phase of 1 or 2 days preceded a period of rapid transformation within which the majority of the substrate was degraded. The times required for 50% substrate loss of o-, m-, and p-OHBZ were 2.5, 1.9, and 1.5 days, respectively, in denitrifying slurries made from the sulfate-reducing site. In parallel slurries made from the methanogenic site, the half-lives for the compounds were slightly longer (2.6, 2.6, and 1.8 days). The maximal k1 values for o-, m-, and p-OHBZ were 3.2, 5.0, and 3.2 days-' for the former incubation and 5.9, 6.0, and 4.8 days-' for the latter. Thus, we estimate half-lives of 0.21 to 0.11 day for these compounds under denitrifying conditions. These rates are generally higher and the lag phases are shorter than were found in other experiments in which nitrate did not serve as a terminal electron acceptor. The absence of substrate depletion from autoclaved controls indicated that the observed activities were microbiologically mediated (Fig. 5) .
Interestingly, in denitrifying samples from both the sulfate-reducing site (Fig. 5) and the methanogenic site (data not shown), we found that phenol was formed as an intermediate of all OHBZ isomers. Benzoate could not be detected in these experiments by HPLC (detection limit, 2 ,uM). Concomitant with the loss of OHBZ isomers was the accumulation of phenol (up to 0.2 mM), which indicated direct conversion of the parent substrate to the suggested intermediate by decarboxylation. The accumulated phenol disappeared relatively slowly, with half-lives in the range of 1 to 2 weeks.
Mineralization under denitrifying conditions. Table 2 indicates the quantity of nitrogen evolved during the decomposition of all three substrates in both sample types. Nitrogen formation was not complete on day 16, and up to 50% increases were still observed during the following week. Assuming that the oxidation of OHBZ is coupled with the reduction of nitrate to nitrogen, we can calculate that 2.8 mmol of N2 is formed per mmol of substrate oxidized (stoichiometry as in Table 2 ). The result in Table 2 suggests that between 72.8 and 98.8% of the OHBZ wavs mineralized in denitrifying incubations. This percentage was generally lower for m-OHBZ (42.6%) in the samples from the methanogenic site.
Obviously, our findings compare favorably with the theoretical stoichiometry and suggest that the three OHBZ isomers and their intermediates (benzoate and phenol) are completely mineralized under the tested redox conditions. The mineralization of benzoate and phenol and the use of these compounds as carbon and energy sources were previously demonstrated in anaerobic environments as well by isolated bacteria (denitrifying and sulfate reducers) or consortia (methanogenic cultures) (2, 6, 12, 31, 35, 36 Tschech and Schink (31) , who reported the reductive dehydroxylation of m-OHBZ and the decarboxylation of p-OHBZ.
Three bacteria, Desulfotomaculum sapomandens (9), Rhodopseudomonas palustris (14) , and a nitrate-reducing Pseudomonas sp. (28) , that can grow with p-OHBZ and benzoate but not with phenol as the sole carbon source have been described. These findings have been explained by the possibility that such organisms are able to reductively dehydroxylate p-OHBZ to form benzoate (28) . However, the existence of this proposed transformation pathway in these bacteria remains unproven. Alternate explanations for such observations could involve the initial decarboxylation of p-OHBZ to form phenol (31), followed by conversion of the latter compound to benzoate (19 (14) found a specific coenzyme ligase for p-OHBZ in R. palustris and proposed that the aryl substituents need not be removed before ring reduction and cleavage. Yet this mechanism seems to be of minor importance at best in aquifer slurries, since phenol was detected as a major metabolite of p-OHBZ under the tested redox conditions (denitrifying, sulfate reducing, methanogenic).
Interestingly, phenol has been reported to be carboxylated to p-OHBZ and benzoate under denitrifying and methanogenic conditions, respectively (19, 30 In addition, it is unlikely that hydrogen accumulated to high concentrations, as was noted in the reported methanogenic systems (19) .
The detection and identification of benzoate when metabolic inhibitors were used in aquifer slurries allow us to suggest an initial anaerobic biotransformation mechanism the presence of S042-or CO2 as an electron acceptor. Previous studies showed that samples from the sulfatereducing and methanogenic sites were able to transform the three methyl phenol isomers (24 been proposed and is simpler in that this pathway does not require dehydroxylation before ring reduction and eliminates the need for a subsequent hydroxylation reaction (Fig. 1) . Although our studies do not exclude such a possibility, the formation of benzoate from o-OHBZ under strict anaerobic conditions suggests that the more complicated route is used by some anaerobic bacteria. Presently, it is unknown why the substitution patterns of OHBZ isomers influence the anaerobic metabolic pathway so drastically. The free-energy yields from the reductive dehydroxylation of the three OHBZs are very similar (29) and are unlikely to account for the different fates of the isomers that we observed under sulfate-reducing and methanogenic conditions. However, the activation energy necessary for the substituent removal reactions could conceivably be different for the three isomers.
When nitrate was amended to aquifer slurries sampled from the sulfate-reducing and methanogenic sites, all OHBZ substrates were transformed to phenol (Fig. 5 ). This result shows that the increased redox potential (17) helped shift the anaerobic biodegradation pathway for o-and ,tn-OHBZ. The shift in metabolism as a function of the availability of different electron acceptors is difficult to explain. Since the decarboxylation of OHBZ is a reaction which requires a proton but no electrons, it is not necessary to assume that the denitrifying electron carriers are involved in this reaction. Previously, Hilpert and co-workers (15) demonstrated that the decarboxylation of succinate by the anaerobic bacterium Propioniigeniiin mnodlestluml resulted in energy conservation by a mechanism that used sodium as a coupling ion. Whether a similar mechanism operates the decarboxylation of OHBZ is unknown. In addition to the decarboxylation of OHBZ, reductive dehydroxylations likely also occur in aquifers, particularly when denitrifying conditions prevail. These bioconversions could be directly or indirectly dependent on the electron carriers of the denitrifying respiratory chain. Interestingly, Tschech and Schink suggest the possible coupling of reductive aryl dehydroxylation reactions with energy conservation (31) .
Differences in the yields of free energy are obtained when the fermentative metabolism of OHBZ is considered as a function of different hydrogen concentrations (34 (34) , which strongly suggests the dependence of the fermenting organism on interspecies hydrogen transfer. In addition to being found with fermenting bacteria, OHBZ degradation has been observed with sulfate-and nitratereducing organisms (2, 9, 28 
